Abstract
Eklundh, 2014) has been shown to be linearly related to green leaf area index (LAI), and better 15 related to seasonal GPP variations than NDVI and EVI of coarse-resolution MODIS data at 16 northern latitudes. This illustrates the value of investigating the relationship between carbon uptake 17 and spectral information in flux footprint areas beyond the LUE model depicted in Eqn 1.
18
Integrating satellite and EC data into large scale carbon models is not straightforward. The spatial 19 mismatch between EC measurements and coarser grid-cell information in models and most satellite- Coordinated in situ spectral measurements require a network of stable sensors that follow the same 29 measurement standards, calibration protocols, and have traceable technical specifications to allow 30 across-site comparisons. Following the example of the EC Fluxnet community 31 (http://fluxnet.ornl.gov/), SpecNet (www.specnet.info) was set to cover the needs for networking 32 measure at multiple scales depending on height. In EUROSPEC we focused on long-term in situ 1 optical measurements conducted from EC towers.
2
There are a number of important differences between close-range in situ measurements and the In situ spectral measurements involve the measurement of the down-welling (incoming) and up- 16 welling (both reflected and emitted) radiation fluxes from the Earth surface. These measurements 17 can be conducted with variable setup and approaches and the optimal solution will depend on the 18 purpose, characteristics of the site and amount of resources available. 19 20 Measurements of down-welling and up-welling radiation can be carried out either in sequence 21 (when a single sensor or spectrometer is used), or simultaneously (when two separate sensors or Table 1 ). A SFOV system is generally configured with a single sensor (or 25 spectroradiometer) and will be generally cheaper to set up than a DFOV using two sensors. Having 26 a single sensor means also that there is no need to inter-calibrate the sensor pair. However, long-27 term and unattended measurements with a SFOV system face the challenge of automating a single FWHM) is in the order of 10 nm or greater and the sampling across a specific spectral range is 26 typically discrete (Fig. 2) . These sensors are typically manufactured using optical filters, light 27 emitting diodes (LEDs) and photodiode detectors (Norton, 2010; Ryu et al., 2010) . These sensors 28 are characterized by relatively low cost (from a few hundred to a few thousand euros/dollars), ease 29 of maintenance, weather-proof design, and low power consumption. Hence, they are useful and 30 affordable instruments for deployment at flux tower sites for extended periods of time. In addition, 31 their relatively low cost allows mounting of several sensors in different positions to study spatial 32 heterogeneity. Multispectral sensors can be deployed to measure a number of vegetation indices (e.g. NDVI or PRI) to track and study vegetation phenology and seasonality. They can also be used 1 to produce satellite calibration and validation data, provided that their spectral configuration can be 2 related to that of the spaceborne sensor.
Single vs Dual Field of View (SFOV vs DFOV)

3
In contrast, hyperspectral sensors (more often addressed as spectrometers, or spectroradiometers 4 when they are radiometrically calibrated) can measure hundreds of spectral bands, often 250 or 5 more, with bandwidths usually less than 10 nm full width at half maximum (FWHM) and sampling 6 intervals from less than 1 nm to 10 nm depending on configuration (Fig. 2) . The obvious advantage 7 of hyperspectral sensors is that they can resolve more detailed features of the vegetation (Milton et complex opto-electro-mechanical instruments and tend to be expensive, from a few thousand 19 Euros/dollars for optical benches measuring in the VNIR, to several tenths of thousands for field 20 instruments measuring in the VNIR and the SWIR. The common limitation of all these 21 spectrometers is that they are not designed for unattended or long-term field operation.
22
Accordingly, users need to build their own weatherproof housing, power supply, automatic 23 datalogging, and control units (see next section). As a result, the overall cost of these user-made 24 systems is difficult to quantify because in addition to off-the-shelf components they involve plenty 25 of in-house skilled technician hours. Field spectrometers are also more susceptible to physical 26 damage (due to their inherent complexity), and are more difficult and expensive to automate for 27 continuous or periodic logging applications. In addition, these systems tend to be considerably 28 larger and heavier than their multispectral counterparts, presenting a structural challenge to their 29 deployment on flux towers. Despite these limitations, the number of such measurements is rapidly configurations have been applied to in situ field measurements to quantify incoming and reflected 6 radiation and estimate reflectance factors: bi-conical, hemispherical-conical and the bi-7 hemispherical configurations (Fig. 1 ).
8
Hemispherical-conical measurements use a foreoptic diffuser assembly, designed to have a cosine 9 response at changing solar zenith angle to estimate down-welling irradiance, and a conical foreoptic 10 for upwelling measurements which can be installed at nadir or off-nadir. The hemispherical-conical 11 configuration lends itself to both multispectral and hyperspectral measurements from flux towers.
12
Bi-conical measurements rely on a diffuse white reference panel, typically of Spectralon® 13 (Labsphere Inc., NH, USA), reflecting down-welling solar radiant flux, normally viewed from nadir 14 through a fixed angularly limited (conical) field-of-view foreoptic, to provide the reference 15 measurement. The potential limitation of using a reference panel is that it needs to be kept clean and 16 stable over time which may become a challenge in the field due to particle deposition (but see Bi-hemispherical measurements use a foreoptic diffuser to capture both down-welling and up- In situ long-term spectral measurements at flux towers are still accomplished with instruments that conclusions can be drawn from these studies.
9
EUROSPEC managed to establish an active network including scientists from 28 countries from 10 Europe and beyond. This network remains active under a new COST Action (OPTIMISE-ES1309) 11 and under the umbrella of SpecNet. Together we hope to continue promoting the standardization 12 and implementation of optical measurements across flux sites. 14 Limited consideration had been given to the comparability of spectral measurement protocols and vertically up, or with a diffuse white reference panel (see Fig. 1 ). Importantly, the materials, 16 calibration status, and method selected to measure irradiance may have an impact on the result. Similarly, the material and design of cosine receptors affect the estimation of hemispherical 10 reference factors (Malthus and MacLellan, 2010) and consequently, the indices derived from them.
Sources of variability
11
Therefore, significant and unquantified uncertainties will be introduced when comparing data from and it depends on the spectral distance between bands selected for the VI calculation (Julitta, 2015) .
16
Again, characterization of the properties of cosine diffusers and regular maintenance/replacement 17 should be included inside the measurement routine. 
Temporal stability of measurements and calibrations
18
The temporal stability of the measurements and the calibrations are essential factors to be 
29
We briefly introduce the topic and present some indicative data that we hope will help the reader to 30 understand the importance of temporal stability. The first three systems are based on commercially available spectrometers from Ocean Optics, design.
10
The UNIEDI system (Fig. 4A ) has a hemispherical-conical configuration, and is a DFOV system 11 that uses a pair of spectrometers (Ocean Optics, USB2000+) with one spectrometer measuring up-
12
welling radiance through a FOV limited foreoptic (24.8 deg) and the other spectrometer measuring 13 down-welling irradiance using a cosine corrected diffuser. One limitation of this system is that, 14 despite that both spectrometers are kept at constant temperature using a temperature control system results.
5
The MRI system has also a hemispherical-conical configuration, but it is a SFOV system with a 6 single spectrometer. A commercially available optical multiplexer is used to switch the input to the 7 spectrometer from down-welling to up-welling radiant flux. Irradiance can be measured through a 8 fibre connected to either a cosine corrected diffuser or an up-looking integrating sphere foreoptic. Martín, 2015). Note that power constraints are not system dependent but rather site specific, 29 depending on power availability and site temperature range.
30
In an attempt to address some of the limitation of the systems reviewed above and based on 31 discussions between groups during EUROSPEC, three new approaches were developed ( corrected receptor to enable a bi-hemispherical measurement approach to be adopted (Fig. 1) . The 6 novelty of this system is the use of low weight components for decreased weight, and the use of reference to assess the uncertainty of passive SIF retrieval in field conditions. SIF-Sys has been 22 tested in dedicated field experiments and will be installed at flux towers for long term and 23 unattended data collection in the near future.
3) The ASD-White Ref system (Sakowska et al., 2015) 24 is an automated system designed for continuous acquisition of measurements using an ASD wetness sensor signal, and in case of rainfall or dew the reference measurements are not conducted.
5
In addition, to remove eventual dust/insects from the measurement surface, the WR panel is sprayed 6 with compressed air during each ejection and insertion phase. probably that of upscaling these signals across space from the footprint to the landscape level (Fig.   15 6).
16
In the process of integrating remote sensing data with flux measurements an assumption is systematically decouple optical and flux data adding noise or bias to their relationship.
22
Despite of efforts to orientate the FOV of in situ spectral measurements to cover the dominant 23 footprint of EC measurements (e.g. using footprint modelling techniques), the flux footprint will from EUROSPEC was that new tools are needed to characterize these scale issues more precisely.
5
One of them is the use of small and relatively affordable UAVs or remotely piloted aircrafts (RPAs) 6 on which light weight spectrometers, both multi and hyperspectral, and cameras can be deployed.
7
Hyperspectral imaging systems onboard of aircraft or unmanned aerial vehicles (UAV) can for Simultaneously, the increasing number of current and planned satellite missions warranties an 25 equally increasing flow of remotely sensed data (e.g. Venµs, Sentinel-2 and 3; OCO-2, FLEX), 26 offering improved geographical coverage, as well as temporal, spatial, and spectral resolutions. However, our capacity to capitalize on these space developments depends very much on how well future.
5
The following challenges and opportunities were identified during EUROSPEC: There is an urgent need for a spectral information system that: (a) establishes a data pool that can 9 hold spectral data collected from various instruments, providing them in an easily accessible and 10 generic form, and (b) includes metadata that is standardised to a degree that allows data selections We acknowledge the support from COST, Action ES0903/EUROSPEC. In addition we Ciais, P., Dolman, A. J., Bombelli, A., Duren, R., Peregon, A., Rayner, P. J., Miller, C., Gobron, N., Kinderman, G., Marland, G., Gruber, N., Chevallier, F., Andres, R. J., Balsamo, G., Bopp, L., Cogliati, S., Rossini, M., Julitta, T., Meroni, M., Schickling, A., Burkart, A., Pinto, F., Rascher, U. Frankenberg, C., O'Dell, C., Berry, J., Guanter, L., Joiner, J., Köhler, P., Pollock, R. and Taylor, T. UAVs are still needed to facilitate the spatial upscaling from the footprint to the landscape level. 
